Abstract-Multiphase machine drives are gaining importance in high-reliability applications due to their faulttolerance capability and their ability to cope with the postfault operation without any extra electronic components. Predictive current controllers have been recently proposed for managing postfault operation of these drives when an open-phase fault is considered. However, the faulty situation assumes zero stator current while freewheeling diodes can continue conducting in a noncontrolled mode. This work analyzes the postfault operation of the five-phase drive when the freewheeling diodes of the faulty phase are still conducting. Experimental results are provided using a conventional insulated-gate bipolar transistor (IGBT)-based multiphase power converter to quantify the effect of the freewheeling diodes, when an IGBT-gating fault occurs, on the model-based predictive current-controlled drive.
I. INTRODUCTION

F
AULT tolerance is one of the most attractive features of multiphase drives. The ability of multiphase machines to continue working as long as three healthy phases exist has made them attractive for applications where postfault operation is a main concern for economical/safety reasons [1] .
Previous work has been done regarding the fault tolerance of multiphase drives, including the electrical drive design [2] , converter topologies [3] , postfault machine behavior [4] , modeling [5] , and control strategies [6] , [7] . More recently, predictive control methods have been applied to multiphase drives, showing their interest in pre-and postfault operations of the system [8] . Nevertheless, all this body of knowledge is solely related to open-phase faults (OPFs), while the effect of the freewheeling conduction of the diodes included in standard insulated-gate bipolar transistor (IGBT) power stacks has only been mentioned in [2] , but it has not been addressed yet.
Voltage source inverter (VSI) faults can be roughly divided in two groups: OPF and IGBT-gating fault (IGBT-GF) [2] . In the first case, the current cannot flow through the faulty phase, while in the latter, a noncontrolled current still flows through the diodes after the IGBT-GF appears, unless the faulty phase is disconnected from the electrical machine using additional electric protection components [9] . This paper extends the analysis in [8] , where a fault-tolerant finite-control-set modelbased predictive current (FCS-MPC) control system is presented, quantifying the effect of the freewheeling diodes of the faulty phase on the controlled drive (IGBT-GF fault type). This paper is organized as follows. Section II summarizes the mathematical model of the five-phase induction motor drive and details the operation states after the fault occurrence. The postfault control is presented in Section III, and the OPF and IGBT-GF postfault operation is experimentally tested and compared in Section IV. Conclusions are finally summarized in the last section.
II. FIVE-PHASE CONVERTER IN IGBT-GF OPERATION MODE
Power converters are commonly based on IGBT stacks due to their ease of use and wide variety of power ranges. A converter with the ability to disconnect the whole power converter is not interesting in a multiphase drive due to their null fault-tolerant capability. Instead, phase-leg independent power converters are preferred, where a fault in a phase can be managed while the machine continues operating. These power converters require also additional components if the faulty phase must be disconnected from the electrical machine when the fault appears. Otherwise, the switching sequence on the faulty phase stops, leaving the freewheeling diodes connected to the machine in a noncontrolled mode of operation. In the latter case, the IGBT-GF postfault operation mode is achieved, and the stator current of the faulty phase cannot be assumed as zero (Fig. 1 , switch S w in ON state). In what follows, it will be assumed without any lack of generality that phase "a" is the faulty phase. Then, its freewheeling diodes D 1 and D 2 conduct current to the positive 0278-0046 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. (P ) or the negative (N ) rail of the converter when they are forward biased If none of the freewheeling diodes are conducting, the drive is functioning in OPF mode, and the phase voltage matrix is given by (3) and (4), according to [8] . Notice the absence of phase "a" voltage and the inclusion of the BEMF a (back electromotive force of the faulty phase) and the factor 1/4 instead of 1/5, due to appearance of the BEMF a term on the voltage equilibrium equations [8] . The last row in (3) expresses the voltage between the machine neutral point and the inverter negative rail, providing the CMV in (4). Phase voltages do not have a fixed value for a certain switching state S i , as it occurs in prefault condition. On the contrary, phase voltages depend on BEMF a in the OPF mode of operation and, consequently, on the operating point of the drive ⎡
However, if any of the conditions in (1) are satisfied, which depends on the BEMF a value, the drive enters the IGBT-GF mode of operation where D 1 or D 2 ON state must also be considered. In this case, i as is not null, as experimentally verified in [9] , although the sum of the phase voltages is zero
Considering (5), the resulting phase voltage matrix and V sN value are obtained as follows:
Although the switching state depends on the four healthy phases in the IGBT-GF mode of operation, notice that the noncontrolled phase is connected to the positive rail of the converter (P ) if D 1 is on or to the negative rail (N ) if D 2 is on. Then, the stator voltage of the faulty phase is fixed when any of the freewheeling diodes is on, and a degree of freedom is lost. In this case, the CMV of the machine can be estimated using (2). Moreover, notice that the noncontrolled current will affect the machine stator neutral voltage and the electrical drive will be constantly changing its configuration. Fig. 2 shows the available voltage vectors in OPF mode of operation, as stated in [8] [ Fig. 2(a) ], and the available voltage vectors that appear when any of the freewheeling diodes is on [ Fig. 2(b) ]. Two different sets of available space vectors appear in α−β−x−y planes in Fig. 2(b) , depending on the conducting freewheeling diode; the black lines represent the case when D 1 is on and D 2 is off, while the red colored lines depict the available vectors when D 1 is off and D 2 is on. Then, three different sets of space vectors appear in a single period during IGBT-GF fault operation mode, those corresponding to the OPF operation mode where D 1 and D 2 are off [ Fig. 2(a) ] plus those where one freewheeling diode is on [ Fig. 2(b) ]. This is of great importance when predictive methods are used due to the imperative need of an accurate plant model. Thus, it is necessary to verify and quantify the effect of an IGBT-GF fault on the proposed OPF-tolerant FCS-MPC, as it is stated in [8] .
III. POSTFAULT CONTROL
The postfault control consists of an outer speed control loop that provides the α−β reference currents to an inner FCS-MPC current control (Fig. 3) . The y current reference is set according to a predefined criterion. Minimum copper loss (MCL) operation is achieved with i * y = 0, but the unequal magnitude of phase currents limits the maximum achievable α−β currents to 68.13% of the nominal prefault current [8] . On the other hand, minimum derating (MD) is achieved by setting i * sy = −0.2631i * sβ . In this case, all phase currents have equal magnitudes, and this symmetry elevates the maximum achievable α−β currents to 72.36% of the nominal prefault current [8] . As a result, the maximum achievable torque is higher with MD than with MCL criterion. Regardless of the selected control criteria, the loss of phase "a" results in a fixed relation between the x and α components (i sx = −i s ). Considering the α, β, and y current references as inputs (Fig. 3) , the inner FCS-MPC current control uses a model of the system (in an OPF) to predict the future currents of the drive and selects the switching state that minimizes a certain cost function, which, in this case, only aims to minimize the current error [8] . The optimum switching state is applied during the whole sampling period avoiding the modulation stage.
IV. OPF VERSUS IGBT-GF POSTFAULT OPERATION MODES
The effect of an IGBT-GF fault is now evaluated in the OPF-tolerant control. The faulty phase diodes are not included in the predictive model, allowing one to estimate the effect of the noncontrolled current [9] , in the proposed control and compare its performance with OPF operation. Then, the same experimental setup as in [8] , Fig. 4 , has been used, with a maximum switching frequency of 10 kHz and a dc-link voltage of 300 V. The stator current reference in the d-axis is set to 0.57 A, while in the q-axis, it is set to either 2.43 A (prefault), 1.6 A (postfault with MCL), or 1.71 A (postfault with MD).
First, a postfault speed response test is performed (Fig. 5 ). The speed (the first and third plots) and q-current component (the second and fourth plots) are compared implementing the MCL [ Fig. 5(a) ] and the MD [ Fig. 5(b) ] methods, for OPF and IGBT-GF fault states. A speed change from 0 to 500 r/min is done at about t = 0.1 s; then, a constant load torque (T L ) of approximately 28% the nominal torque (T n ) is demanded by means of a mechanically coupled dc machine. It can be noted that the effect of freewheeling diodes is mostly neglectable since the electrical drive is working below its maximum postfault rating. This situation differs if the drive is operated close to the maximum ratings, as it will be shown next.
A second test is performed to observe the pre-and postfault transitions during OPF and IGBT-GF faults, implementing the MCL [ Fig. 6(a) ] and MD [ Fig. 6(b) ] criteria, with a speed reference of 500 r/min. The OPF and IGBT-GF faults are generated in phase "a" at t = 0.2 s, using the power relay to open the faulty phase or interrupting the switching scheme of IGBT, respectively. The control system is reconfigured instantaneously after the fault occurrence. Consequently, the transient state during fault detection is not considered. Two different working points are analyzed for each control method, maintaining the demanded load torque within the postfault ratings of each criterion, (T L = 0.56 · T n ) for MCL and (T L = 0.64 · T n ) for MD [8] . Notice that, for low-load torque conditions (the first and third plots), the effect of the noncontrolled current can be barely observed, and the control performance is similar for OPF and IGBT-GF faults. However, when the drive is operated close to the maximum working capability for each control criterion, the speed reference is not achieved after the fault occurrence, maintaining a maximum speed of approximately 490 r/min (the second and fourth plots) with an increment in the rms currents of 1% in the healthy phases. This deterioration in the performance is further increased when the fault detection delay is considered (Fig. 7) , where a fault detection delay of 40 ms is emulated and the MD criterion is implemented. Observe that the delay in the postfault control of the electrical drive results in an error of the controller performance (the achievable postfault speed was 480 r/min with a reference speed of 500 r/min). As a result, the noninclusion of the effect of the freewheeling diodes of IGBT in the predictive modeling of the fault-tolerant FCS-MPC controller outcomes in a deterioration of the postfault electrical drive ratings, mainly due to the difference between the considered and the applied voltage vectors (Fig. 2) . This deterioration increases with higher values of the load torque or fault detection delay, but the obtained experimental results state that it is limited to a small percentage of the overall performance. Then, it can be considered as an external controller perturbation, which reduces the cost of the required power converter, avoiding additional electric components to manage the fault.
V. CONCLUSION
In the event of a phase fault condition in a multiphase VSI, two main situations can be found: open-phase and IGBT-gating failure states. The open-phase situation requires additional elec- tric components in the VSI to manage the fault, which increases the cost and complexity of the power converter. The IGBT-GF case reduces this extra cost and complexity, introducing an additional noncontrolled oscillation in the stator neutral voltage. This paper has analyzed from theoretical and experimental perspectives the effects of this oscillation due to a noncontrolled stator phase. The control performance of the entire system in postfault situation is studied when the freewheeling diodes are considered, concluding that not using extra components in the power converter increases the deterioration of the faulty multiphase drive when it is operated at its maximum postfault ratings and some detection delay is considered. However, the degradation in the control performance is limited and can be considered as an external perturbation of the controller. The freewheeling diode stator currents slightly reduce the torque production and increase copper losses, maintaining the basic features of the postfault operation controlled system.
